As is true of virtually every realm of the biological sciences, our understanding of speciation is increasingly informed by the genomic revolution of the past decade. Investigators can ask detailed questions relating to both the extrinsic (e.g. inter-and intra-population and ecological interactions) and intrinsic (e.g. genome content and architecture) forces that drive speciation. Technologies ranging from restriction-site associated DNA sequencing (RADseq), to whole genome sequencing and assembly, to transcriptomics, to CRISPR are revolutionizing the means by which investigators can both frame and test hypotheses of lineage diversification. Our review aims to examine both extrinsic and intrinsic aspects of speciation. Genome-scale data have already served to fundamentally clarify the role of gene flow during (and after) speciation, although we predict that the differential propensity for speciation among phylogenetic lineages will be one of the most exciting frontiers for future genomic investigation. We propose that a unified theory of speciation will take into account the idiosyncratic features of genomic architecture examined in the light of each organism's biology and ecology drawn from across the full breadth of the Tree of Life.
INTRODUCTION
It is an exciting time to be an empiricist engaged in the genetics and genomics of speciation. Combined with the enduring power of field and laboratory studies, genomic analysis is allowing investigators to rigorously test long-standing questions regarding the sources of and selective pressures underlying reproductive barriers, the genomic architecture associated with speciation, and the roles of ecology, geography and demography in speciation across the Tree of Life. The process of lineage diversification and the mechanisms that promote it have been of fundamental interest from the very outset of the formalized theory of evolution by natural selection (Darwin, 1858 (Darwin, , 1859 . In Darwin's view, natural selection was the driving force of speciation, intrinsically augmented by ecological conditions. The introduction of Mayr's (1942) Biological Species Concept, however, laid bare the apparent difficulties of establishing reproductive isolation (RI) without prolonged geographical separation. Although these two views of speciation, sympatric versus allopatric, were initially considered to be fundamentally opposed, it is now appreciated that they are actually endpoints on a continuum. Foundational work by Guy Bush and colleagues (Bush, 1994 (Bush, , 1998 , together with genetic and genomic approaches, has clarified that gene flow among diverging species is often a facet of speciation. We are now in the position to consider the relative influence of geography, ecology and selection in driving the speciation process. Moreover, genome-scale data have pointed to the role of genomic architecture in predisposing certain lineages towards divergence, and others towards stasis.
Thus, we have reached a point at which forces that are both extrinsic and intrinsic to the organism are equally tractable for investigation. Even so, the frontier is vast and the unknown significantly outweighs the known. The genetic and genomic data that have thus far been generated are phylogenetically restricted, and have a strong bias towards a limited number of model systems which accordingly imposes a biased organismal perspective (for an insightful review, see Scordato et al., 2014) . Although constraining at present, this bias should not be surprising given that model organisms tend to be those best characterized genomically, thus conferring benefits to the study of closely related lineages with decreasing benefits as phylogenetic distance increases. As we discuss below, however, taxonomic bias in available genomic resources is rapidly giving way to a broader phylogenetic perspective as more genomes are being sequenced (Fig. 1A) at a higher standard of quality (Fig. 1B ) both qualitatively and quantitatively ( Fig. 1C) with important features such as detailed annotation (Fig. 1D ). Thanks to remarkable advances in sequencing technologies and de novo genome assembly (Alkhateeb & Rueda, 2017; Jackman et al., 2017; Kamath et al., 2017; Paten et al., 2017; Vaser et al., 2017; Worley, 2017) , it is no longer the case that the availability of a closely related model species and reference genome are essential to the generation of genome-scale data and analysis of non-model organisms (Box 1). Moreover, genome-scale data have pointed to the role of genomic architecture in predisposing certain lineages towards divergence, and others towards stasis.
It is our aim in this review to examine the history, recent developments and future directions of the field now generally referred to as 'speciation genomics'. Given the enormity of the field, it is not our intent (nor a realistic goal) to provide an exhaustive overview of the relevant literature. Rather, our primary goal is to illustrate the many ways that technological advances for characterizing the genome are serving to enhance understanding of the interacting extrinsic and intrinsic forces that drive speciation. Scordato et al. (2014) described 'internal interactions', wherein natural and sexual selection jointly influence divergence in sexual traits and preferences, are considerably more common than cases wherein 'external interactions' are driven by ecological context and transmission efficiency of sexual trait signals. Here, we define extrinsic features as those wherein the environment (described as any feature external to the individual organism, including conspecifics) impacts the action of the genome during speciation, and intrinsic features as those that are specific to an organism's internal features, most notably, the structure of its genome. This makes for a convenient, if not entirely inclusive, framework for examining speciation via genomic and genetic analysis. By focusing on the interaction of individuals within populations, and the impacts of environment on these interactions, we can explicitly examine the extrinsic 'demography' of speciation, whereas by focusing on features of genome structure and content, we can examine the internal 'architecture' of speciation.
The present deluge of data is progressively placing within reach new, testable hypotheses and improving our understanding of the underlying speciation process. It is the intersection of theory, empiricism and technology that promises to yield remarkable insights into the most fundamental of all evolutionary processes: the genetic and genomic underpinnings of the diversification of organismal linages through time and space.
THE DEMOGRAPHY OF SPECIATION

Speciation and gene flow
Over the past two decades we have moved from a largely geographical allopatric view of speciation to a far more nuanced and complex understanding that harkens back to Darwin and draws meaningfully from the theories of both natural and sexual selection. Whereas allopatric speciation requires only geographical isolation plus time to produce species-level lineage divergence, sympatric speciation is thought BOX 1: (TODAY'S) STATE-OF-THE ART GENOMIC APPROACHES
Since high-throughput (also called next-generation or second-generation) sequencing technologies opened up the possibility of genomic characterization any organism in 2005, reference genomes have been assembled for hundreds of non-model organisms ( Fig. 1) , and with ever-decreasing sequencing costs, whole-genome resequencing projects using population samples have now become commonplace. Besides simply determining the DNA sequence, second-generation sequencing technology has also been widely adopted to identify DNA-protein interactions (Chip-seq) and methylation patterns (BS-seq), and to quantify gene expression (RNA-seq). The last, in particular, is a powerful tool for speciation researchers, because transcriptomic data improve genome annotation (Trapnell et al., 2010; Li et al., 2011) and can be an alternative or complement to genome scans for identifying barrier loci (Wang, Gerstein & Snyder, 2009; Jeukens et al., 2010; Poelstra et al., 2014; Ritchie et al., 2015; Rafati et al., 2018) , which may also themselves represent regulatory divergence (Mack & Nachman, 2017) . Short read lengths are a key shortcoming of second-generation sequencing, which has made it difficult to assemble repetitive regions, characterize structural variants and directly observe haplotypes. Third-generation technologies are serving to overcome this limitation by directly sequencing long reads [5-15 kbp both for Pacific Biosciences Single-molecule Real Time (SMRT) sequencing and Oxford Nanopore Technologies Nanopore Sequencing], or by using novel mapping technologies such as the optical mapping system of BioNano Genomics (Servin et al., 2013) , the Hi-C approach by Dovetail Genomics (Lieberman-Aiden et al., 2009) , and the linked read approach by 10X Genomics (Greer et al., 2017; Yeo et al., 2018) . For an overview of third-generation approaches (see Lee et al., 2016) and for sequencing assembly advances, see (Phillippy, 2017) .
Access to larger and better characterized regions of the genome and segregating variation therein will be beneficial for all genomics projects, yet the relevance of the advances that third-generation technologies offer to speciation genomics is still to be fully realized. With longer contigs and high-quality assemblies, genomic subtleties with potentially profound impacts on speciation are likely to be revealed. Structural variation such as duplications and inversions may disproportionately affect speciation, whereas haplotypic information will aid in the inference of gene flow and selection to reconstruct speciation histories and identify barrier loci. In addition, improved assembly of highly repetitive, heterochromatic regions such as centromeres (e.g. Ichikawa et al., 2017; Larsen et al., 2017) may be important because a significant number of hitherto identified hybrid incompatibility genes encode proteins that interact with heterochromatin (Ting et al., 1998; Brideau et al., 2006; Thomae et al., 2013) , probably due to the high concentration of selfish elements there (Castillo & Barbash, 2017) . Repeats themselves have also been identified as the focal incompatibility locus (Ferree & Barbash, 2009 ). Furthermore, centromeres have also been linked to speciation outside of the context of postzygotic incompatibilities, due to their tendency to have particularly low recombination rates (Stump et al., 2005; Carneiro et al., 2009; Noor & Bennett, 2009 ).
BOX 1:
Continued to mostly rely on ecologically mediated natural selection and prezygotic isolation 'acting differently in different places' (Turelli, Barton & Coyne, 2001: 332) . Specifically a large shift has occurred in the appreciation of the occurrence and role of gene flow during as well as after speciation. First, it has become clear that gene flow can be overcome, even in the initial stages of divergence, in particular when ecologically based divergent selection is strong. As stated by Nosil (2008): '[s] peciation with gene flow could be common'. Second, it has become clear that introgressive hybridization between substantially diverged populations is commonplace Coyner, Murphy & Matocq, 2015; Morii et al., 2015; Árnason et al., 2018; Schumer et al., 2018) , and that despite cases of lineage merging or speciation reversal (Campagna et al., 2014; Kearns et al., 2018) , such hybridization events often contribute to adaptation (Pardo-Diaz et al., 2012; Racimo et al., 2015; Richards & Martin, 2017) and can contribute to the formation of new lineages (Seehausen, 2004; Abbott et al., 2013; Lamichhaney et al., 2017) .
With the advantage of genomic characterization via high-throughput sequencing combined with recent developments in statistical methods, investigators can now, for nearly any species of interest, estimate parameters to describe the demographic aspects of speciation history with unprecedented resolution (Ellegren et al., 2012; Ellegren, 2014; Fan & Meyer, 2014; Gaither et al., 2015; Malinsky et al., 2015; Gante et al., 2016; Kang et al., 2016; Schmitz et al., 2016; Toews et al., 2016; Berner & Roesti, 2017) . These aspects are collectively often referred to as the Isolation-with-Migration (IM) model and provide critical information on the rates, direction and possibly timing of gene flow, divergence times (which should be co-estimated with gene flow) and population size trajectories. While challenges remain, as we discuss below, these parameters can together be used to answer key questions pertaining to speciation events, such as: did populations diverge in isolation, in the face of continuous gene flow, or has secondary contact and gene flow been recent? Was speciation associated with a severe population bottleneck (e.g. peripatric speciation)? How rapidly did observed phenotypic divergence or genetic incompatibilities evolve? The answers to these questions are fundamental to understanding the complex interplay among ecology, geography and natural selection in driving lineage diversification.
characterizing the demography of Speciation
A major advance in population and species-level inferences has been facilitated by the use of single nucleotide polymorphisms (SNPs) drawn from across the genome.
Reduced representation libraries such as RADseq can be produced at low cost, do not require a reference genome and are often sufficient when questions are focused on estimating genome-averaged historical demography. In fact, because RADseq can generate sequencing data for tens of individuals at a fraction of the cost a single whole genome, the reduced constraint on the number of individuals that can be sequenced is highly beneficial for certain approaches, such as those that rely on the site frequency spectrum. For other applications that require large numbers of individuals, pooled sequencing (e.g. Pool-seq; Schlötterer et al., 2014) and low-coverage sequencing (Nielsen et al., 2011) also offer low-cost whole-genome perspectives, despite sacrificing individual-level genotypes (for an overview see Fuentes-Pardo & Ruzzante, 2017) .
Although the advantages of anonymous genome-wide SNPs are many, the need for assembled and annotated genome-scale data persists when the questions being asked require either functional or structural information. In turn, this necessitates increasing levels of theoretical sophistication. Put succinctly by Sousa & Hey (2013: 404) , as we accumulate more and more comparative genomic data 'we find our best models and tools for explaining patterns of variation were designed for a simpler time and smaller data sets'. Tremendous progress has nevertheless been made in the development of approaches to estimate demography and gene flow. Three areas in particular are worth pointing out:
• First, several methods can now be used to estimate parameters of IM models from the site frequency spectrum (SFS), that is, the distribution of allele frequencies aggregated across the available sequencing data specific to populations (Gutenkunst et al., 2009; Excoffier et al., 2013; Lohse et al., 2016; Kern & Hey, 2017) . These methods are fast and can be easily applied to any genomic dataset. Yet, SFS approaches work best for relatively large sample sizes (i.e. many individuals) due to the highly condensed summarization of the data, and thus concerns exist that they may not always be able to distinguish between competing models (Terhorst & Song, 2015; Lapierre, Lambert & Achaz, 2017 ).
• Second, coalescent theory, first proposed by Kingman (1982) , is now one of the most widely used population genetic models and forms the backbone for many current demographic inference methods. One of the central realizations that has come from coalescent theory is that a species tree will typically contain a distribution of varying gene genealogies.
Given that the addition of further unlinked loci never fails to add information with respect to the underlying population history, this has further clarified the applications of coalescent theory for interpreting the demographic signals contained within large-scale genomic data. Even though coalescent approaches are still unable to use all the genealogical information contained within a genome given the difficulties of fully incorporating recombination, an approximation of the coalescent with recombination, the Sequentially Markov Coalescent (Wiuf & Hein, 1999; McVean & Cardin, 2005) , has formed the basis for recent methods that estimate populations size changes through time from high-coverage whole-genome sequences (Li & Durbin, 2009; Schiffels & Durbin, 2014) . Moreover, this approach has been used to estimate the age of genomic admixture blocks (Rasmussen et al., 2014) , therefore adding tremendous sophistication and precision to temporal estimates of lineage diversification.
• Third, a class of formal tests for admixture that was first developed to test for Neanderthal ancestry in modern humans (Patterson et al., 2012) can be easily computed from any genome sequencing data. This test has been widely adopted and extended, and provides a simple and standardized way to test for admixture between sets of two (f 2 statistics), three (f 3 ), four (f 4 , f d , D) and five (f 4 -ratio, D FOIL ) populations or species (Patterson et al., 2012; Martin, Davey & Jiggins, 2015; Pease & Hahn, 2015) .
Together, these methods, as applied to high-throughput sequencing data sets, have provided abundant evidence for the pervasiveness of gene flow during all stages of speciation, while also elucidating the demographic speciation histories for numerous study systems (Pinho & Hey, 2010; Feder, Egan & Nosil, 2012; Sousa & Hey, 2013) . Despite this rapid progress towards explicitly integrating demographic parameters into our understanding of speciation dynamics, major challenges remain. For example, we do not generally have the resolution to create a hypothesis-free description of the rate, direction and magnitude of gene flow through time, instead often relying on summary measures or being forced to choose from a limited set of hypothesized models. One of the great remaining challenges is to distinguish ancestral population structure from ongoing gene flow. This requires that we disentangle gene flow and divergence time for very recently diverged populations, and also, that we must co-estimate demography and selection. Fundamentally, given the high variance inherent in the coalescence process, even making optimal use of the information contained in high-quality genome assemblies may not provide the resolution necessary to satisfactorily address all the challenges described above. The development of ever-more sophisticated models of the coalescent process thus remains one of the main challenges in the field of speciation genomics.
THE ROLE OF INTRINSIC GENOMIC FEATURES IN SPECIATION genomic architecture and Speciation prediSpoSition
While extrinsic factors such as available ecological opportunity and within-and between-population dynamics probably explain much variation in diversification rates, intrinsic factors such as underlying features of lineage-specific genome structure, require exploration if we are to understand the phylogenetic propensities for rapid speciation. That is, how often do certain features of genomic 'architecture', such as a genome ploidy, rates and patterns of recombination, and inversion frequency facilitate speciation above and beyond the extrinsic organismal effects of divergence?
The large and well-established effects of sex chromosomes in systems with a heterogametic and homogametic sex are one testament to the role that genome architecture can have on speciation. More generally, because speciation often relies on gene-gene interactions, such as very explicitly in DobzhanskyMuller (D-M) genetic incompatibilities (Box 3), mechanisms of epistasis and rates of recombination probably impact the probability of speciation. A case for lineage-specific genomic features to promote speciation has for instance been made for ray-finned fishes (e.g. Taylor et al., 2003; Venkatesh, 2003; Rennison, Owens & Taylor, 2012; Cortesi et al., 2015) . Volff (2005) proposed the importance of an early stage of whole genome tetraploidization and subsequent rediploidization, along with the 'amazing diversity' of sex determination systems and plasticity of sex chromosomes. After sequencing several lineages of ray-finned fishes, Brawand et al. (2014) found evidence of accelerated evolution among regulatory regions, microRNAs (miRNA) and transposable element (TE) insertions. Even so, the exact mechanistic impacts of these genomic features on speciation are currently unknown. In finding a path forward, we can look to these processes in model organisms, such as work in yeast linking chromosomal architecture and species formation (Leducq et al., 2016) , and next examine whether similar mechanisms may be at play in various rapidly radiating lineages. In this light, genomic characteristics such as an excess of gene duplications, rapid mutation rates, novel miRNAs, high numbers of TEs, and genome-wide diversifying selection on coding and regulatory elements have each been proposed to play differential roles in setting the genomic stage for rapid evolutionary transitions (Brawand et al., 2014) .
genome and gene duplicationS
As a specific example, duplications at the genome ( Roth et al., 2007; Evans, 2008) . A clear case of clade-specific genomic architecture associated with speciation can be seen in the differential rates of polyploid speciation in plants versus animals. While this is rare in animals, the most recent study on this subject estimated that as many as 15% of speciation events in angiosperms (and double as many in ferns) are accompanied by ploidy increase (Wood et al., 2009) . This difference in propensity for polyploidization (and associated speciation events) does not appear to be due to differences in the initial polyploidization step, and instead is more likely to be related to limitations to regain a balanced genome (Wertheim, Beukeboom & Zande, 2013) . For instance, difficulties may arise in many animals after polyploidization due to the nature of their genetic sex determination systems as well as the disruption of dosage compensation for differentiated sex chromosomes (Orr, 1990; Otto & Whitton, 2000; Wertheim et al., 2013) .
At a finer scale, gene duplications may also promote speciation via the resolution of duplicates. The 'differential resolution' of gene copies after a gene duplication event (i.e. a different gene copy degenerates in each of two diverging populations) may represent a powerful, general mechanism underlying hybrid dysfunction (Lynch et al., 2000) . Indeed, this process has been demonstrated (Bikard et al., 2009; Mizuta, Harushima & Kurata, 2010) to cause hybrid incompatibilities (Fig. 2B ). More generally, rapid evolution of gene duplicates, for instance due to a reduction of purifying selection for one of the gene copies, may render them probable candidates for barrier loci. For example, it was recently discovered that a duplication in a crucial photosynthesis gene is at the root of hybrid lethality between two sympatric species of Mimulus (Brandvain & Matute, 2018; Zuellig & Sweigart, 2018) . These findings utilized gene mapping and gene expression experiments which required the genomic characterization of both species. In practical terms, this work offers a prime example of the premise that sequencing the genome of a given species, or that of a phylogenetically related lineage (Gnerre et al., 2011) , is fundamental to understanding the biological mechanisms that underlie the genomic loci that differentiate species, which in turn may provide mechanistic insight into the speciation process as a whole. Several studies have pointed to the role of copy number variation (CNV) in the process of speciation. An interrogation of the pig (Sus scrofa) genome, along with several related species, showed that CNVs are evolving faster than SNPs and often contain olfactory receptor (OR) genes which could be vital to mate recognition (Paudel et al., 2015) . In a similar example, genes that determine butterfly chemosenses (ionotropic receptors, IRs) were identified as divergent between species pairs (van Schooten et al., 2016) . The effects of CNVs on speciation can also be indirect. Recently a study of several genera found that CNVs on sex chromosomes were responsible for rapid changes to the sex ratio (O'Neill & O'Neill, 2018) . These changes happen very quickly, making them responsible for the development of hybrid incompatibilities if two populations are in allopatry, ultimately leading to speciation. All of this work relies on the accurate assembly of genomes and high-quality sequencing to measure genome-scale changes between a small sample of individuals, work that has not been possible, or more crucially scalable, until very recently.
We are, however, still far from being able to explain differences in polyploidization propensities in any detail (Soltis et al., 2010) . In particular, with shortread next-generation sequencing technologies, it has been difficult to accurately assemble duplicated regions of the genome (Ellegren, 2014). These technical barriers are steadily falling away, however, as sequencing technologies continue to become more efficient, accurate and affordable. By improving genome characterization, improved technology has conferred new power to investigate gene duplications as indicators of speciation, even in species for which assembled genomes are as yet unavailable. Along with the increasing number of organisms with sequenced whole genomes, the recent improvement in long-read sequencing technologies and single cell sequencing is allowing for the identification of duplicated genes in non-model genomes (Larsen, Heilman & Yoder, 2014) . Longer reads, such as those produced by single-molecule sequencing, are able to differentiate gene copies by their surrounding genomic sequence, and consequently, make genome characterization for even difficult regions of the genome possible without a reference sequence (Jiao & Schneeberger, 2017) . Furthermore, the recent adoption of techniques such as optical mapping, Hi-C and linked reads (see Box 1) now makes it possible to accurately assemble repetitive regions across hundreds of kilobases. These technical advances are thus rapidly shifting the field of speciation genomics towards greater methodological and theoretical sophistication.
chromoSomal inverSionS
The potential of structural genomic features to promote speciation (Noor et al., 2001a) was perhaps first appreciated with the observation that chromosomal inversions may play a special role in facilitating hybrid sterility, and thus incipient RI (Fig. 2C) . Chromosomal inversions can promote RI by two fundamental means. The first is structural: heterozygous inversions may (partially) prevent proper chromosome pairing during meiosis, such that hybrids between populations fixed for alternative orientations suffer from reduced fertility (White, 1978 ). This hypothesis was tested in Drosophila as early as 1933 in Dobzhansky's (1933) classic work, but runs into difficulties explaining why such an inversion would spread in the first place (reviewed by Hoffmann & Rieseberg, 2008) . The second means by which inversions may promote speciation is by suppressing recombination. In the face of gene flow, this prevents the uncoupling of allelic combinations present in the inversion, and these combinations may include, for instance, co-adapted gene complexes, male trait and female preference combination, and D-M incompatibilities. Given that recombination is the central challenge for modellng speciation-with-gene-flow (Felsenstein, 1981) , extreme recombination suppression such as in inversions may be expected to facilitate this potentially common mode of speciation. Noor et al. (2001a) demonstrated that inversions create linkage groups among genes that cause sterility among a pair of Drosophila species (D. persimilis and D. pseudoobscura), prompting the development of a model wherein hybrid incompatibility genes (Noor et al., 2001b; Rieseberg, 2001 ) accumulate indiscriminately throughout the genome during allopatric divergence, but are retained only in inversions when gene flow is resumed during secondary contact (Fig. 2C) . Two related models posit that inversions may also promote speciation with primary gene flow, by allowing adaptations and incompatibilities to disproportionately build up in inverted regions (Navarro & Barton, 2003) , or by allowing inversions with co-adapted loci to spread (Kirkpatrick & Barton, 2006; Charlesworth & Barton, 2018) . The preceding models invoke gene flow to explain the widely observed pattern of substantially higher divergence within as opposed to outside of inversions. It was recently shown, however, that fixed inversions between the same pair of Drosophila species as in Noor's landmark studies, all segregated long before speciation, indicating that ancestrally segregating inversions may be prone to accumulating incompatibilities regardless of the presence of gene flow (Fuller et al., 2017) . This is reminiscent of two recent studies on Atlantic cod (Gadus morhua), where an ancient inversion is associated with parallel divergence in migratory phenotypes on both sides of the Atlantic Ocean (Kirubakaran et al., 2016; SinclairWaters et al., 2018) .
In the European corn borer moth, Ostrinia n u b i l a l i s , a c h r o m o s o m a l i n v e r s i o n o n t h e Z-chromosome is associated with the accumulation of adaptive alleles and genetic differentiation across nearly 20% of the length of the chromosome (Wadsworth, Li & Dopman, 2015; Yasukochi et al., 2016) . The authors posit that in lepidopterans, chromosomal divergence may involve two phases: first, a transient origin through local adaptation, and second, a stable persistence through differential introgression, and a similar scenario may well play out in other groups as well (Conflitti et al., 2015) . In addition to paracentric inversions, high rates of other chromosomal rearrangements such as pericentric inversions, reciprocal translocations, fusions and polyploidization appear to be evolving at high rates in several groups of 'notorious speciators' such as Mimulus (Fishman et al., 2013) , fish (Cioffi et al., 2015) and butterflies (Sichova et al., 2015 ; Arias, Van Belleghem & McMillan, 2016) . Remarkably, in a recent comparative study, the number of fixed inversions between closely related species of songbirds was most strongly predicted by whether or not the species overlap in their geographical range (Hooper & Price, 2017) .
Although it is clear that inversions can promote speciation through recombination suppression, this still leaves open whether their contributions differ qualitatively from strong selection or non-inversionrelated variation in recombination rates across the genome. In a simulation study, Feder & Nosil (2009) found that strong selection acting on these genes was just as effective in driving divergence as were the large differences between inverted and co-linear regions of diverging genomes. Further simulations refined this result by showing that the effects of inversions were most pronounced when fixed in populations prior to secondary contact, with subsequent RI maintained by adaptive change involving many genes with small fitness effects (Feder, Nosil & Flaxman, 2014) . Charlesworth & Barton (2018) recently showed that, as may be intuitively expected, the propensity of an inversion to promote speciation depends strongly on the magnitude of the reduction in recombination rate, which may be small when co-adapted loci are already tightly linked (see also Ortiz-Barrientos & James, 2017) . It should also be noted, however, that very few genetic elements have been identified within inversions that contribute to RI. Thus, although spontaneous inversions remain one of the most compelling genomic features associated with rapid speciation, the precise mechanisms by which this is accomplished remain elusive.
GENOMIC DIFFERENTIATION AND BARRIER LOCI genomic differentiation iSlandS
For decades, the prevailing view was that RI developed as a byproduct of independent evolution through the progressive substitution of incompatible alleles in geographically isolated populations leading to speciation via postzygotic genetic incompatibilities (i.e. D-M incompatibilities; Via, 2001) . Conversely, under a model of speciation with gene flow, lineages are expected to show 'profound genetic similarity' (Via, 2001 : 381) differing only at a few loci, presumably those conferring RI. As Nosil, Harmon & Seehausen (2009: 145) aptly state 'although selection often initiates the process of speciation, it often fails to complete it'. Wu, (2001: 887) was among the first to state that speciation reflects 'a process of emerging genealogical distinctness, rather than a discontinuity affecting all genes simultaneously'. Under this view of 'genic speciation' (Wu, 2001; Wu & Ting, 2004) , the process is driven by selection on specific regions of the genome, and RI is frequently incomplete until long after categorical speciation (Gourbière & Mallet, 2010) . The genic view of speciation has gained momentum with the model of 'genomic islands of speciation ' (Feder et al., 2012; Malinsky et al., 2015) . Originally formulated in an empirical setting (Turner, Hahn & Nuzhdin, 2005) , the concept of genomic islands has been more broadly conceived as a case wherein certain regions of the genome (typically, loci under strong selection) will show patterns of divergent evolution even in the face of considerable gene flow. Moreover, surrounding areas of the genome, even if evolving neutrally, can show similar patterns of population divergence (as measured by F ST ) via the process of divergence hitchhiking (DH; Via, 2012) . Theoretically, speciation can thus proceed from a stage wherein genomic islands are small and dispersed throughout the genome, to a later stage wherein genome-wide divergence will occur and the genomic islands are erased (Feder & Nosil, 2010) . Under this model, early-stage population divergence is predicted to be characterized by highly heterogeneous genomic divergence, with barrier loci residing in highly differentiated regions of the genome. For the empiricist, this is an attractive model: these predictions provide ideal circumstances for the identification of barrier loci using genome scans. Furthermore, due to increased frequencies of hemiplasy, a genic speciation process has important consequences for the interpretation of phylogenetic and comparative analyses (Box 2).
In line with the genomic islands model, highly heterogeneous patterns of divergence across the genome have indeed been a ubiquitous feature of what has been identified as the differentiation landscape. However, it has also become clear that the interpretation of these landscapes is highly complicated (Noor & Bennett, 2009; Nachman & Payseur, 2012; Cruickshank & Hahn, 2014; Wolf & Ellegren, 2017) . When comparing measures of relative (F ST ) and absolute divergence (d XY ), Cruickshank & Hahn (2014) found little evidence that 'islands of divergence' are actually produced by lack of introgression via gene flow. Rather, they conclude that differentiation islands represent genomic areas of reduced diversity, which are produced by the effects of linked selection regardless of gene flow. Specifically, variation across the genome in recombination rates and the density of functional elements interacts with selection to produce variation in genetic diversity, and regions of low diversity will automatically show higher levels of relative divergence when populations are isolated (Burri, 2017b) . Moreover, given that most fitness effects of new mutations are negative, the effects of background (i.e. negative) selection on patterns of diversity across the genome is expected to be substantial, perhaps larger than those of positive selection (Stephan, 2010) , further reducing the likelihood that such regions are commonly important for speciation. Finally, differences in effective population size, sex-linked regions of the genome and the interaction between the two (Belleghem et al., 2018) underline the need for further development of methods that co-estimate selection and all aspects of historical demography.
The emerging consensus appears to be that 'islands of differentiation' are more commonly caused by processes unrelated to speciation, and thus do not by themselves provide evidence for a genic process of speciation. A further problem with the genomicislands-of-speciation metaphor, and the underlying model, is that in many cases such islands need not form at all during speciation, For instance, when speciation proceeds without flow or is underpinned by polygenic adaptation (Feder & Nosil, 2010; Feder et al., 2012) , this model is not particularly relevant. Nevertheless, in systems where speciation may genuinely be characterized as genic, that is with high levels of gene flow and a limited number of barrier loci, such islands may be likely to contain barrier loci. As a recent example, in a comparison of more than 100 populations from 11 species of stick insects (genus Timema), investigators identified a strong correlation between genomic islands and localized differentiation of loci underlying colour differences under ecological selection (Riesch et al., 2017) . Furthermore, regions with low recombination rates may not only be likely to generate spurious signals of differentiation, but BOX 2: 'MESSY SPECIATION' AND GENEALOGICAL VARIATION ACROSS THE GENOME Genomic approaches have clarified many phylogenetic relationships that were previously unclear or controversial, and have provided an enormous increase in resolution and precision to delimit species and population structure within species. This is because the limited information present in single gene fragments and the high variance of the coalescence process necessitates a multitude of independent loci ('gene trees') to accurately infer the underlying genealogy ('species tree'). However, the high variance and stochasticity of the coalescence process can create extensive genealogical variation across the genome, such that genealogies underlying traits of interest are not always likely to follow the inferred species tree -a phenomenon originally called hemiplasy (Avise, Robinson & Kubatko, 2008) . Hemiplasy is more likely under precisely some of the patterns in speciation that genomic approaches have helped to uncover, and will thus be necessary to take into account especially in analyses of trait evolution (Hahn & Nakhleh, 2016; Wu et al., 2017) . More generally, relying on a single bifurcating tree for species delimitation, phylogenetic hypotheses and subsequent comparative analyses may not always be appropriate given the often multifaceted nature of speciation and the complexities of gene-tree/species-tree reconstruction. These 'messy' aspects of speciation include, first, gene flow during and after speciation, which produces additional variance in genealogies, and is now believed to be a widespread phenomenon. Second, multiple speciation events that occur in rapid succession, or even simultaneously (Bolnick, 2006; Kautt, Machado-Schiaffino & Meyer, 2016) , such as in rapid radiations, result in high proportions of incomplete lineage sorting, the second source of genealogical discordance. Third, in a number of intriguing instances of incipient speciation, strong discordance was found between overall genomic ancestry clines and clines for phenotypes that are thought to represent major isolating barriers (Poelstra et al., 2014; Vijay et al., 2016; Harris et al., 2017; Semenov et al., 2017) . In such cases, counter-intuitive patterns that may be uncovered by genomic approaches can certainly complicate attempts at species delimitation, and again, have demonstrated the inherent complexity of speciation.
as discussed previously in the context of inversions, regionally low recombination rates may also oppose introgression and promote speciation (Carneiro, Ferrand & Nachman, 2009; Nachman & Payseur, 2012; Janoušek et al., 2015; Ortiz-Barrientos & James, 2017; Samuk et al., 2017) .
Noting that current theory is presently dominated by a limited number of model species, perhaps biased by a 'adaptationist perspective', Wolf & Ellegren (2017: 97) call for a cautious approach for interpreting genomic islands as signals of divergent selection. In their comparison of 67 published empirical studies, these authors found that general conclusions are necessarily hampered by a number of confounding factors, including (but not limited to) differential genome quality, differing life history strategies amongst the lineages examined, as well as differing methodologies such as the chosen genome-scan window size and the methods for identifying outliers. This comparison across a wide phylogenetic range therefore suggests that identifying the genomic causes and consequences of divergent genomic islands will require a more fine-scaled approach. We therefore echo Ellegren's (2014) prediction that as the field of speciation genomics continues to develop, enhanced genome characterization will provide a richer understanding of the interaction of genotype and phenotype as targets for divergent selection.
identifying barrier loci
Among the motivations for identifying 'genomic islands' is to associate patterns of divergence with functional genomic mechanisms that may potentially be driving divergence. One such functional class has been described as 'barrier loci'. Conceptualized as any locus that contributes to RI and meets the criteria of pre-speciation divergence and measurable effect size (Nosil & Schluter, 2011) , the hunt for 'barrier loci' has been active (Ravinet et al., 2017) . The term 'barrier' makes clear that the locus in question, although contributing to the process, may not by itself be sufficient for irreversible lineage divergence, and 'locus' implies that the genetic element in question does not need to be a gene. By determining the specific identity of barrier loci, we can hope that this will move us closer to answering a range of long-standing questions, such as what are the number and effect sizes of barrier loci, what types of genomic regions are involved, what types of mutations are required, and under which evolutionary forces have they evolved (Nosil & Schluter, 2011) ? However, arguing that RI is an effect rather than a cause of speciation, some have suggested that instead of primarily focusing on RI and the genes contributing to it, more attention should be given to the causes and consequences of diverging phenotypes, i.e. 'speciation phenotypes' (Shaw & Mullen, 2011) . In the context of speciation genomics, both approaches nevertheless come down to establishing links between genotypes BOX 3: GENETIC INCOMPATIBILITIES AND RULES OF SPECIATION Genetic incompatibilities reduce or nullify hybrid fertility and viability. Given that they tend to be slow to develop, and during hybridization events act after other barriers to gene flow, they may in many taxa not be as important as prezygotic barriers. Even so, they are the only barriers held to be irreversible. The D-M model posits that interactions between two or more loci that each diverged between two populations are responsible for genetic incompatibilities, which circumvents the need to invoke negative effects of these allelic changes when they occurred within each population. 'Haldane's Rule' and the 'Large X-effect' have been described as 'the most consistent empirical patterns in speciation genetics' (Demuth, 2014; see also Delph & Demuth, 2016; Irwin, 2018) and are both related to D-M incompatibilities. They also both involve sex chromosomes (e.g. Johnson & Lachance, 2012; Irwin, 2018) , underlining the role of chromosomelevel peculiarities in speciation, which has long been recognized (Coluzzi et al., 1977) .
In the earliest descriptions of hybrid sterility, Haldane (1922) observed that it was typical for the heterogametic sex to be the one to manifest hybrid sterility as observed in mammalian males (XY) and avian females (ZW). In a related phenomenon, it has been observed that X-chromosome genes in Drosophila and most other animals cause infertility in hybrid males at a far greater rate than autosomal genes (Presgraves, 2010) , with 60% of X-chromosome genes causing infertility in hybrid males versus the 18% for all the nonsex chromosomes (Masly & Presgraves, 2007) . Not surprisingly, sex chromosomes have been implicated for harbouring an excess of genes with sex-biased expression and thus predisposing features for facilitating speciation (Yoshida et al., 2014) . This theory has recently been investigated, and supported, to an extremely granular level in mice (Larson et al., 2016) . The view across the eukaryotic tree of life suggests that speciation rates are lower in lineages without differentiated sex chromosomes (Phillips & Edmands, 2012) , presumably correlated with the lower levels of postzygotic isolation in organisms without sex chromosomes, even when levels of overall genetic divergence are similar (Lima, 2014) . and phenotypes, although detecting loci that underlie RI may be more straightforward in natural populations and using top-down approaches such as genome scans (see Fig. 3 for an overview of approaches that can be used across different types of systems).
Until recently, the identification of barrier loci was predominantly focused on genomic regions contributing to postzygotic isolation. In striking contrast to the current enthusiasm for the role of adaptation and ecology in speciation, most loci that have so far been linked to such hybrid incompatibilities appear to have evolved in response to internal genetic conflicts as well as neutral mutational mechanisms and recombination hotspots, of which PRDM9, discussed below, is a probable example (Maheshwari & Barbash, 2011; Presgraves, 2010) . Nevertheless, prezygotic isolation may be more likely than postzygotic isolation to be a consequence of ecological and sexual sources of selection, and prezygotic barrier loci are now also beginning to be identified (Ding et al., 2016) . For non-model organisms, especially those that cannot be crossed in laboratory settings, genome scans are the most widely applicable and currently most commonly used method to identify candidate barrier loci (Ravinet et al., 2017) . Genome scans examine genetic variation across the genome to find regions with unusual patterns such as strongly elevated genetic differentiation between populations (Lewontin & Krakauer, 1973; Beaumont & Balding, 2004) . Ever-decreasing sequencing costs mean that population-level whole-genome resequencing projects are feasible for many non-model organisms, and we stress that given the difficulties described below, this should often be the approach of choice. As discussed in the previous section, differentiation landscapes are commonly highly heterogeneous, with many regions of high differentiation, although most of these do not appear to be directly relevant to speciation. The difficulty in separating highly differentiated genomic regions that harbour barrier loci from those that do not is illustrated by the striking overlap in expected patterns at the genomic level: both are likely to disproportionately represent regions with low recombination, a high density of functional elements and signatures of selection.
Several approaches may help to identify the processes underlying the formation of a given genomic region that stands out for its high levels of differentiation. First, Cruickshank & Hahn (2014) suggested using absolute (i.e. d xy ) rather than relative (e.g. F ST ) measures of divergence, and this has been widely adopted. Nevertheless, d xy has very little power for recently diverged lineages (Burri, 2017a) , may be masked by linked selection (Burri, 2017a) , and may also be susceptible to demographic changes (Belleghem et al., 2018) . Second, comparative approaches that examine differentiation landscapes across several populations or species pairs, including pairs that are known not to exchange genes, enable Figure 3 . Methods of studying genomics of speciation: common methods of studying the genomics of speciation, with example publications. Each method is assigned to the category of study system in which it is most applicable. The methods are arranged, from left to right, in increasing order of cost and sophistication. The red methods are suitable for natural populations, the blue methods are suitable for laboratory studies and the purple methods are useful in both systems. the identification of unique differentiation islands in the focal pair (Renaut et al., 2013; Roesti et al., 2015; Vijay et al., 2016; Samuk et al., 2017) , which are less likely to simply be the consequence of local genomic features (Burri, 2017b) . It should be noted that this approach assumes that landscapes of these genomic features, such as recombination rate, are the same across all population pairs. Third, the genomic features that may shape the differentiation landscape can also be characterized separately. This is increasingly possible in natural populations due to improved genome annotations and improved estimation of local recombination rates using information on linkage disequilibrium (Smukowski & Noor, 2011) , the latter owing to techniques such as single-molecule long-read sequencing and linked-read sequencing, which enable better detection of structural variants and also retain haplotype information. Fourth, detailed examination of global and genomically localized gene flow, as well as signatures of selection, may also allow for a better understanding of a given differentiation island.
Despite the promise from more widespread adoption of these approaches, a decade or so of widespread genome scans have made it clear that using such scans to identify barrier loci is in many systems very challenging and may in others not even be feasible (Buerkle, 2017; Jiggins & Martin, 2017; Lindtke & Yeaman, 2017) . Before embarking on a genome scan approach for identifying barrier loci, it is thus helpful to consider whether a focal system lends itself to this approach. Systems with relatively low overall divergence, with much ongoing gene flow and within which barrier loci are expected to be few and of large effect are generally most conducive to the identification of candidate barrier loci (Jones et al., 2012; Poelstra et al., 2014; Malinsky et al., 2015; Belleghem et al., 2018) . However, if barrier loci are likely to be detected through genome scans only in systems with specific biological features, this may mean that these barrier loci are not a representative subset of all barrier loci. It should also be noted that genome scans in the context of speciation research may be worth pursuing even when there is little scope for direct and precise identification of barrier loci. For instance, such studies provide insight into genome structure and its relation to patterns of differentiation, allow the quantification of gene flow both at the global and the local genomic level, and provide insight into the general architecture (rather than the specific identity) of barriers to gene flow (Jiggins & Martin, 2017) .
Hybrid zones -and admixed populations more generally -provide an opportunity to use an alternative set of methods for identifying candidate barrier loci (Gompert, Mandeville & Buerkle, 2017) . First, if candidate barrier phenotypes are known, and these segregate within the admixed population, genotype-to-phenotype links can be assessed by genome-wide association methods such as Bayesian Variable Selection Regression (BVSR; Guan & Stephens, 2011; Gompert et al., 2013) , genome-wide efficient mixed-model association (GEMMA; Zhou & Stephens, 2012; Turner & Harr, 2014; Delmore et al., 2016) and GenABEL (Aulchenko et al., 2007; Nadeau et al., 2014) . Second, loci exhibiting unusually steep clines can be detected by exploiting spatial clines in hybrid zones (Barton & Gale, 1993; Payseur, 2010; Trier et al., 2014; Rafati et al., 2018) , and similarly, yet without relying on spatial patterns, genomic clines across many loci in admixed individuals (Lexer et al., 2007; Gompert & Buerkle, 2009) . Finally, when local genomic ancestry can be inferred among admixed individuals, the length of continuous ancestry tracts may offer clues to barrier loci (Sedghifar, Brandvain & Ralph, 2016) , and ancestry disequilibrium between locus pairs can be used to test for two-locus genetic incompatibilities specifically Schumer & Brandvain, 2016) .
If candidate barrier loci are identified, functional approaches are often necessary to validate their effects. Although these approaches will for the foreseeable future remain limited to organisms that can be kept in laboratory settings, manipulated, and in most cases, bred (such as Drosophila, Cooper & Phadnis, 2016) , the recent breakthrough of CRISPR holds great promise for testing candidate genes much more effectively and in a wider variety of species than other transgenic approaches (Bono, Olesnicky & Matzkin, 2015) . The overriding practical requirement for the application of CRISPR for genome editing is that CRISPR/Cas9 elements can be delivered to early-stage embryos, thus yielding the potential for the two repair pathways that are triggered by the double-stranded breaks induced by CRISPR/Cas9 to be exploited for multiple applications. For example, the non-homologous endjoining (NHEJ) repair pathway can induce large deletions that create knockouts, which has, for example, been used in a series of studies that have identified some of the genes underlying several butterfly wing colour pattern traits (Zhang & Reed, 2016; Mazo-Vargas et al., 2017; Zhang et al., 2017a; Zhang, Mazo-Vargas & Reed, 2017b) . CRISPR/Cas9-mediated NHEJ can also create other structural variants such as duplications and inversions, which may be particularly useful for testing their potential role in speciation (Bono et al., 2015; Kraft et al., 2015) . Furthermore, homologydirected repair can be used to introduce precise genetic modifications. For instance, Ding et al. (2016) used CRISPR/Cas9-mediated homology-directed repair both to fine-map and to create mutations within the locus responsible for a courtship song difference between two species of Drosophila. This locus has been identified as the insertion of a retro-element in an intron of slo, an ion channel gene, illustrating both the potential for small mutations to have large effects as well as the unpredictable relationship between gene function and impacts on speciation. To summarize, advances in CRISPR techniques are developing at astonishing rates, including methods to directly convert single bases without requiring the formation of double-stranded breaks, using a catalytically impaired CRISPR/Cas9 mutant base editing (Nishida et al., 2016; Gaudelli et al., 2017) . Thus, we are at the early stages of a technological revolution with unforeseeable impacts on the field of speciation genomics.
prdm9: a crucial barrier locuS?
Perhaps the most intriguing candidate barrier locus to have emerged from a suite of recombination hotspot modifiers (Johnson, 2010) is PDRM9 (Oliver et al., 2009; Brand & Presgraves, 2016) . Known to be strongly associated with recombination hotspots in placental mammals, PRDM9 is a rapidly evolving zinc finger protein with sequence-specific DNA binding and histone methyltransferase activity. As such, it 'neatly wrap[s] genetic, epigenetic, and trans-acting factors known to influence recombination into one intriguing package' (Sandovici & Sapienza, 2010: 1) . Although as yet only characterized at the population level in a few natural populations, mice (Kono et al., 2014) and humans (1000 Genomes Project Consortium, 2010), PRDM9 polymorphism is hypothesized to play two fundamental roles in the genome: to yield a diverse spectrum of recombination hotspots and to cause male hybrid sterility. In this regard, it is noteworthy for mediating both recombination rate and hybrid sterility, which in turn raises the tantalizing possibility that these activities are potentially causative to RI and speciation (Kono et al., 2014; Payseur, 2016) . Moreover, it appears to be something of a smoking gun connecting rates of recombination directly to rapid rates of sequence evolution associated with strong positive selection (Oliver et al., 2009; Sandovici & Sapienza, 2010; Ponting, 2011; Axelsson et al., 2012; Groeneveld et al., 2012; Gravogl, Schwarz & Tiemann-Boege, 2014; Kono et al., 2014; Schwartz et al., 2014; Padhi et al., 2017) .
As support for this hypothesis, in vertebrate groups such as birds that lack PRDM9, interspecific hybridization appears to be more feasible across larger evolutionary distances (Singhal et al., 2015) than in mammals. Oliver et al. (2009) found that concerted evolution and positive selection have united to drive rapid evolution of the gene in rodents, producing high levels of sequence variation across 13 rodent genomes. These authors also found that PRDM9 plays a measurable role in determining male sterility both within and among species as divergent as rodents and primates. Broad phylogenetic surveys of PRDM9 suggest that it may be the most rapidly evolving gene in human and other animals (Ponting, 2011) , and in a survey of 64 individuals across 18 species of primate, 68 unique alleles were identified (Schwartz et al., 2014) . Of particular interest to human evolutionary biology, alignments of Neanderthal and Denisovan genomes reveal that PRDM9 sequences in these extinct species are closely related to present-day alleles in modern humans that are both rare and specific to African populations (Schwartz et al., 2014) . However, by far the most intensive and compelling work on PRDM9's role in hybrid sterility has been conducted in mouse (Mihola et al., 2009; Kono et al., 2014; Davies et al., 2016; Smagulova et al., 2016; Zelazowski & Cole, 2016) , with increasing evidence that recombination rate and hybrid sterility are linked and phylogenetically widespread, thus pointing to a more general connection to speciation (Payseur, 2016) .
Successful attempts have been made to advance PRDM9 research in non-model organisms. The recombination patterns of organisms lacking PRDM9 (e.g. dogs and bees) have been mapped, and in cattle some preliminary attempts have been made to establish PRDM9 as active in holding up species boundaries (Lou et al., 2014) . Tarsiers, the most diverged lineage within the primate clade, show high allelic diversity of PRDM9 that is highly congruent with phylogeography, thus suggesting an important role in speciation within the genus Tarsius, and by inference, haplorrhine primates (Heerschop et al., 2016) . Similarly, the remarkable variation in the zinc finger domain of PRDM9 in goats and sheep, wherein numerous amino acid sites are apparently under strong positive selection, has also been interpreted as evidence of the gene's intriguing role in speciation (Padhi et al., 2017) .
As new understanding of the molecular evolutionary dynamics of PRDM9, and recombination hotspots in general, emerges, an ever more nuanced view of its role in speciation is developing. Although it has long been known that the locations of recombination hotspots are highly mobile and are rarely conserved even between closely related species (e.g. Ptak et al., 2005; Winckler et al., 2005) , the impact on hybrid sterility is only now coming to light. For example, Davies et al. (2016) found that hybrid sterility between two mouse lineages could be instantaneously reversed by 'humanizing' the PRDM9 allele. When the PRDM9 array was genetically engineered in one lineage to represent the human sequence, the genomic position of recombination hotspots was accordingly rearranged, and surprisingly, yielded fertile male hybrids. Thus, one of the key findings of this study is that although PRDM9 shows a direct involvement in hybrid infertility, the effects are likely to be evolutionarily transient. In other words, increased divergence of PRDM9 is likely to mean a decreased role in the maintenance of species boundaries, thereby suggesting that there may be a phylogenetic distance 'sweet spot' wherein PRDM9 can strongly impact propensity for speciation, but with diminishing impact as phylogenetic distance increases. It will be fascinating to explore this phenomenon in an array of non-model species across a greater phylogenetic breadth. . Speciation study spectrum: graphical representation of where recent published studies of speciation fall along two continua: 1 -whether the focal specie was studied as a lab organism or a natural population (bottom axis of diagram) and 2 -the complexity that underlies the nature of the genetic mechanism responsible for reproductive isolation, ranging from genic to genomic (left axis of diagram). Studies are represented by an icon depicting species, year of publication, and a short summary with superscript notation of the full citation. The references (in chronological order) are as follows: 1, Ting et al. (1998) ; 2, Noor et al. (2001a); 3, Brideau et al. (2006); 4, Nosil; Egan & Funk (2008); 5, Carneiro et al. (2010); 6, Janoušek et al. (2012); 7, Renaut et al. (2012) ; 8, Martin et al. (2013); 9, Fan et al. (2014); 10, Franchini et al. (2014); 11, Gaither et al. (2015); 12, Janoušek et al. (2015) ; 13, Wadsworth et al. (2015); 14, Davies et al. (2016); 15, Larson et al. (2016); 16, Leducq et al. (2016) ; 17, Rastorguev et al. (2016); 18, Toews et al. (2016); 19, Ichikawa et al. (2017); 20, Malukiewicz et al. (2017); 21, Mazo-Vargas et al. (2017); 22, Zuellig & Sweigart (2018) .
LOOKING TO THE FUTURE: IS THERE HOPE FOR A UNIFIED THEORY OF SPECIATION?
We have long known that organisms are hierarchically distributed across the tree of life, existing in 'bins' that biologists attempt to define as species. These bins have boundaries of varying completeness and clarity, made porous by hybridization and introgression. Asking how these biological 'edges' are formed, and how they are maintained, are among the most basic questions in evolutionary biology. The relationship between genomic differentiation and lineage diversification is profoundly complex, and can range from circumstances wherein speciation is virtually instantaneous owing to possibly random genomic events such as chromosomal inversions, to scenarios of rapid speciation in situ owing to strong environmental selection, to speciation on evolutionary timescales wherein differentiation and RI slowly build in geographical isolation. Thus, it is not surprising that few, if any, rules have been identified to formalize the role of the genome in speciation.
Intrinsic genomic features such as inversions, gene duplications, recombination patterns and higher order architecture have all been implicated in speciation. In many cases, these discoveries occurred initially in lab-based model organisms with well-characterized genomes and tractable life histories. Identification of the genetics underlying RI has been most feasible for postzygotic incompatibilities between pairs of genes in long-studied species such as Drosophila. We are now reaching a point, however, wherein the field is rapidly expanding outward and is discovering the more complex genomic underpinnings of speciation in a wider array of species (Fig. 4) . As genomic resources have spread to evolutionarily proximate species, mechanisms of speciation are being described in nonmodel species and natural populations. Accordingly, our view of speciation has become richer and more complex. The interplay among underlying features of the genome, patterns and processes of speciation, and the ecological surroundings of species will continue to emerge as knowledge of non-model genomics increases, and the field will push ever further toward insights into natural, non-model populations with complex speciation stories -the 'unexplored corner' suggested in Figure 4 .
A unified field of speciation genomics will thus require a multi-pronged approach to speciation dynamics that takes into account intrinsic features of genomic architecture examined in the light of each organism's extrinsic biology and ecology. There is an essential place for targeted studies that illuminate the role of specific genes or structural variants, while many valuable insights can also be gained through genome scan comparisons, although caution must be applied. Consequently, the continued development of theory and competing models will always be relevant in order to make sense of what will be an everincreasing torrent of empirical data. By examining the role of the genome in contrasting models of speciation, we will attain powerful insight into the differential effects of historical constraint in the face of ecological opportunity. It is the interplay between these two forces that has and continues to produce species diversity across the Tree of Life.
